INTRODUCTION
Morphine can alter a variety of immune responses via indirect (central nervous system-mediated) and direct effects on the immune cells [1] , which possess opioid receptors in both vertebrate and invertebrate animals [2] . For example, morphine modulates the macrophage activities [3] [4] [5] [6] , antibody production [7, 8] , natural killer (NK) cell functions [9, 10] cytokine levels [11, 12] , cell proliferation [13, 14] , migration [15] [16] [17] [18] [19] , and apoptosis [20, 21] .
The in vitro effects of morphine are strongly affected by the neurohormonal balance of an organism. Namely, morphine enhances the respiratory burst in Atlantic salmon leukocytes but this effect is completely abolished when cells are retrieved from fish stressed before death either by transportation or by shallow water stress. Quite opposite relations exist in the goldfish because in this species morphine enhances the phorbol myristate acetate (PMA)-induced respiratory burst in leukocytes from the shallow water-stressed animals but not in leukocytes from their non-stressed counterparts [22] . Speciesspecificity of stress/morphine interactions is not surprising because the effects of morphine differ even between murine strains examined under strictly controlled laboratory conditions [8, 23] . These are striking examples of the complexity of the morphine interactions with the neuro-endocrine-immune system.
Effects of morphine on inflammatory processes have been observed in several experimental systems. Most data were collected during experiments on the elicited paw inflammation in rats and mice [24] [25] [26] [27] [28] [29] , whereas only a few investigations were performed on experimental ear [30] , intestinal [31] , or peritoneal inflammation [32] .
The inflamed peritoneal cavity is a convenient source of inflammatory exudate cells and soluble molecules collected for quantitative purposes. For this reason the experimental peritonitis is often used when quantitative data concerning the cell number and cytokine level are required, e.g., in the experimental models for investigations of early events of autoimmune inflammatory processes [33] [34] [35] [36] .
Peritoneal exudates (fluid and leukocytes) are also easily collected from the inflamed peritoneal cavities of lower vertebrates like fish and amphibians [37, 38] . An elicited peritoneal inflammation (induced by intraperitoneal injection of sterile irritants) is a convenient model for comparative studies of inflammatory processes, including modulatory effects of various factors (e.g., temperature) on the kinetics of inflammation in ectothermic species [39] .
Peritoneal inflammation in mice is significantly inhibited by daily injections of physiological saline. This inhibitory effect is fully reversed by subcutaneous morphine injections [40] . On the other hand, both in mice (CB6 and Swiss) and in fish (salmon, goldfish) morphine injected intraperitoneally together with an irritant (thioglycollate medium, TG) inhibits inflammation, whereas the same dose of morphine has no effect when injected subcutaneously [41] . The inhibitory effects of mor-phine given intraperitoneally are completely reversed by naltrexone pretreatment, which indicates its action through opioid receptors [41, 42] . The differential effects of morphine on peritoneal inflammation [40] [41] [42] [43] are not surprising when we consider the variety of mechanisms of morphine-induced immunomodulation, including those through the neuroendocrine system as well as direct effects on immunocompetent cells at the site of inflammation [1, 28] .
This article compares the kinetics of inflammation in the salmon and CB6 mice injected intraperitonally either with an irritant only or with an irritant supplemented with morphine. Morphine-treated animals have a significantly lower number of peritoneal exudate leukocytes, which seems to be compensated by their higher ability to perform the PMA-induced respiratory burst. The morphine-inhibited influx of exudate leukocytes correlates with the morphine-lowered level of plasma chemotactic factors both in fish and in mice. The findings indicate that morphine suppresses synthesis and/or release of some unidentified phylogenetically conserved proinflammatory chemotactic factors.
MATERIALS AND METHODS

Animals
Female CB6 F1 (BALB/c ϫ C57BL/6) mice, 4-6 weeks old, 20-25 g body weight, were purchased from Gamle Bomholtgard, Ry, Denmark. The mice were kept under standard conditions of light from 08:00 to 20:00 h, 50% humidity, at 22°C with access to food and water ad libitum, three to five animals per cage. The mice were killed by cervical dislocation.
Young individuals of the Atlantic salmon Salmo salar, 20-25 g body weight, obtained from Fiskeriforsking, Tromso, were kept at 10°C in tanks at the Institute of Medical Biology of the University of Tromso. When necessary, they were anesthetized in a benzocaine (50 mg/L, Sigma) water solution. The fish were killed by decapitation.
Procedures involving animals and their care were conducted in conformity with institutional guidelines complying with national and international law and regulations.
Inflammatory models and drug treatment
Groups of animals, four to eight individuals per group, were either untreated (IN group) or injected intraperitoneally with 300 µL of a sterile irritant at 10:00 or 16:00 hours for mice and fish, respectively. In the latter case they received 3% TG broth intraperitoneally (Oxoid, London; TG group) or TG supplemented with 20 mg/kg of morphine sulfate (Sigma; TGM group). Some animals received intraperitoneal injections with naltrexone hydrochloride (Sigma; 1 or 5 mg/kg for fish and mice, respectively) and 20 min later were injected intraperitoneally with TG or TGM. They formed NTG and NTGM groups.
Preparation of peritoneal cell suspensions and fluid
At the selected time points peritoneal cavities were lavaged with 5 or 1 mL of sterile medium or phosphate-buffered saline (PBS). The cells were counted and used either for in vitro assays or differential counting on MGG-stained cytospins. Peritoneal fluid was stored at Ϫ20°C for future cytokine assays.
VASCULAR PERMEABILITY
The animals were injected into the caudal vein with Evans blue (Difco) solution in saline (10 mg/mL), 0.2 and 0.3 mL per fish and mouse, respectively. Thirty minutes later the animals were killed and the peritoneal cavity lavaged with 1 mL of PBS and centrifuged for 10 min. Absorbance was measured in 200-µL aliquots at 630 nm in a Multiscan spectrophotometer (Titertek, Helsinki, Finland) [44] .
Preparation of bone marrow and head kidney cell suspension
Murine bone marrow cells were collected in 2 mL of RPMI medium (GIBCO) and the cell concentration adjusted to 1 ϫ 10 6 cells/mL. Fish head kidneys were aseptically removed, teased between the frosted parts of microscope slides, suspended in L-15 medium (Sigma), and adjusted to 1 ϫ 10 6 cells/mL.
Collection of plasma
Blood was obtained from the murine inferior vena cava or from the fish caudal vein with a heparinized Pasteur pipette or syringe, respectively, and centrifuged at 3000 rpm for 10 min. The plasma was stored at Ϫ20°C before evaluation.
In vitro incubation
Murine peritoneal and bone marrow cells (1 ϫ 10 6 cells/mL) were incubated in RPMI-1640 supplemented with 10% fetal calf serum (FCS), 1% L-glutamine, and the following antibiotics: penicillin (100 IU/mL) and streptomycin (100 µg/mL) at 37°C in 5% CO 2 .
Fish peritoneal and head kidney leukocytes were incubated at 15°C in PBS or L-15 supplemented with 2% FCS, 2 mM HEPES buffer (GIBCO), 10 -2 M sodium bicarbonate (Sigma), 10 -5 M 2-mercaptoethanol (Sigma), and the following antibiotics: penicillin (100 IU/mL) and streptomycin (100 µg/mL).
Respiratory burst
Leukocytes incubated in the 96-well plate were stimulated with PMA (Sigma; 1 µg/mL) in the presence of NBT (Sigma; 1 mg/mL). After 1-2 h of incubation the reaction was stopped with methanol and the amount of formazan was colorimetrically estimated according to Secombes's method [45] at 630 nm in a Multiscan spectrophotometer Titertek (Helsinki, Finland). In each animal the mean result from the PMA-treated triplicate wells was recalculated as a percentage of that from the control (PBS-treated) wells, defined as 100%.
Migratory assay
A 48-well microchemotaxis chamber (Neuro Probe, Inc.) was used to asses the leukocyte migratory activity [46] . The lower wells of the apparatus were filled with 27 µL of the fluids tested for their chemotactic activity (culture medium or plasma from IN-, TG-, TGM-, NTG-, and NTGM-treated animals or plasma supplemented in vitro with morphine sulfate: 10 -8 M) and then covered with nitrocellulose filters (Nuclepore membrane, Neuro Probe, Inc.), 5-µm pore size. The upper wells were filled with 50 µL of leukocyte suspension prepared from the bone marrow or head kidney of the intact mice or fish, respectively. Chambers with murine cells were incubated for 3 h at 37°C, and those with fish cells for 16 h (overnight) at 10°C. After the incubation the cells remaining on the upper surface of the filter were removed. Filters were fixed in 4% buffered formalin, stained with Harris's hematoxylin (40 min), and cleared in xylene (15 min). Cells migrating through the filter were counted on four to six levels with the use of a ϫ40 objective.
Statistical analysis
All data were expressed as means Ϯ standard errors (SE). The number of cells was compared by one-way analysis of variance (ANOVA) or multifactor analysis of variance followed by post hoc Student's t test applied for the same data. The differences were considered statistically significant at P Ͻ 0.05.
RESULTS
Number of peritoneal leukocytes (PTLs)
The intraperitoneal TG injection induced a peritoneal inflammation in both fish and mice. The inflammatory process was long-lasting in the salmon (kept at 10°C) as the PTL number reached maximum on day 3 and was still at this level on day 7. In contrast, the number of mouse PTLs reached a peak already 24 h after injection and declined sharply almost to the control level on day 3 after injection. In both species the number of PTLs was significantly lowered in TGM groups, which was striking in the case of the Atlantic salmon (Fig. 1, A and B) .
Multifactor The inhibitory effect of morphine was totally antagonized in the NTGM group in animals pretreated with naltrexone, a well-known antagonist of opioid receptors, whereas naltrexone itself (NTG group) had no effects on the TG-induced inflammation (Fig. 2, A and B) .
The TG-induced acute peritoneal inflammation was connected with the increased number of peritoneal neutrophils and monocytes/macrophages, both in fish (cell types identified according to Rowley et al. [47] ; Fig. 3A ) and mice (Fig. 3B) . In animals from the TGM groups, at least at the selected time points, morphine had no effects on the number of neutrophils, whereas it significantly decreased the number of peritoneal monocytes/macrophages. This effect was especially striking in mice because the number of monocytes/macrophages was still at the control level 24 h after TGM injection, at 4 h after injection even significantly below that in the control (Fig. 3B1) .
Migratory activity
In five experimental series (Fig. 4, A-E) , the migratory activity of intact cells (murine bone marrow leukocytes and salmon head kidney leukocytes) was negligible towards culture medium (L15 or RPMI) and very low towards plasma from intact animals (IN), both in fish and mice. It was always significantly higher towards plasma from the animals (both mice and fish) with the TG-induced peritoneal inflammation (TG). Migration towards plasma from TGM animals was always significantly inhibited in comparison with that towards TG plasma from the same experimental series (Fig. 4 , A-C and E). The effect was completely or partially reversed by naltrexone pretreatment of the animals (NTG and NTGM groups; Fig. 4C ).
Cell migration towards plasma supplemented in vitro with morphine (IN ϩ M and TG ϩ M) was slightly enhanced in comparison with that towards the respective IN and TG samples (Fig. 4D) .
The migratory activity of salmon leukocytes towards inflammatory murine plasma (Fig. 4B ) and murine cells towards inflammatory fish plasma (Fig. 4E) was also significantly pronounced compared with that towards plasma from TGM animals in both xenogenic systems.
Respiratory burst
The PMA-induced respiratory burst measured on day 2 after the intraperitoneal irritant injection was significantly lower in leukocytes retrieved from TG-treated animals than in leukocytes from their TGM-injected counterparts, both in fish and mice (Fig. 5, A and B) . 
Vascular permeability
The extravasation of plasma protein into the peritoneal cavity was similar in animals from TG and TGM groups, at least at the tested time points (Fig. 6, A and B) . In mice the peak of plasma extravasation was observed already 30 min after irritant injection.
DISCUSSION
Morphine injected intraperitoneally together with an irritant inhibits experimental peritoneal inflammation both in fish and in mice. In these experiments the kinetics of inflammation was followed for several days. The inhibitory effect of morphine was especially striking in the salmon but still significant in CB6 hybrid mice (Fig. 1) . Inhibitory effects of morphine were also found in the goldfish Carassius auratus [42] and in Swiss mice [48] . In all these animals the inhibitory effect of morphine on the number of exudate cells was reversed in individuals pretreated with naltrexone (Fig. 2) . This indicates that morphine acts through opioid receptors [41, 42, 49] . In these experiments morphine affects neither vascular permeability (Fig. 6 ) nor the number of peritoneal PMNs (Fig.  3, A2 and B2), which were measured at the relatively late stages of the inflammatory process. However, Makman et al. [15] have shown in vitro inhibition of human PMNs' chemotaxis towards attractants supplemented with morphine, thus the effects of morphine on PMN influx at the early stages of inflammation are expected.
In the present experiments morphine in TGM groups causes a significant decrease of the number of the retrieved peritoneal monocytes/macrophages in comparison with that in animals treated with an irritant (TG) only (Fig. 3, A1 and B1) . In particular, 4 h after intraperitoneal injection in mice, the number of monocytes/macrophages is significantly below and above that in the control animals in the TGM and TG groups, respectively (Fig. 3B1 ). According to Ajuebor et al. [33] , an irritant (zymosan) injection causes an initial disappearance of the resident peritoneal macrophages from peritoneal fluid (lasting for the first 2 h of the inflammatory process) possibly due to an increased adherence to the internal mucosal layers. We can speculate that morphine enhances and/or prolongs the irritant-induced adherence of macrophages to the peritoneal layers, which is responsible for their low number in the TGM groups at the early stages of inflammation. In other words, it appears that the distribution of macrophages in the peritoneal cavity of morphine-treated animals has shifted such that the percentage of strongly adherent macrophages has increased.
The lower number of the peritoneal cells in TGM than in TG groups at the later stages of the inflammatory process may be a consequence of the early shift of peritoneal cell populations and/or the lowered level of chemotactic factors. The latter were estimated by the intensity of migration of leukocytes from intact fish and mice toward plasma from TGM and TG fish and mice (Fig. 4) . One can assume that the chemoattractiveness of plasma from TGM animals has been inhibited by the morphine. However, such a possibility must be excluded because morphine added in vitro to plasma from TG or intact animals even enhances its activity as the chemoattractant (Fig. 4D) . Moreover, morphine alone acts as a strong chemoattractant for leukocytes [18, 19, 53] .
On the other hand, morphine added to the well-known chemotactic factors like tumor necrosis factor ␣, interleukin-1␣, interleukin-8, or N-formyl-methionyl-leucyl-phenylalanine inhibits migratory activity of human PMNs [15] . It should also be stressed that both monocytes [16, 18, 19] and neutrophils [18, 19] as well as microglial cells [17] incubated in the presence of morphine show a reduced ability for migration towards chemotactic factors. This means that morphine can act in various ways on leukocyte chemotaxis; as a rule it enhances it when acting as a chemoattractant [18, 19, 53] but inhibits when the cells are already in its presence [16] [17] [18] [19] . Grimm et al. [19] showed for the first time that opiate-induced inhibition of chemokine-induced chemotaxis was due to desensitization of some chemokine receptors on neutrophils or monocytes after the opiate binding to delta or mu (but not kappa) opioid receptors.
The low level of plasma chemotactic factor(s) in our TGM groups can be explained by the morphine-induced inhibition of their synthesis/release directly and/or indirectly by the decrease in the number of chemotactic factors synthesizing cells. Morphine given intraperitoneally together with an irritant may inhibit synthesis/release of some chemotactic factors from the resident peritoneal cells. Nevertheless, morphine given intraperitoneally can easily reach the vascular compartment and hemopoietic tissue and impair the leukocyte migration towards the site of inflammation by desensitization of some chemokine receptors [19] . The low number of the inflammatory chemokinereleasing cells is, in turn, reflected by the low level of plasma chemoattractants (Fig. 4) . Perhaps both of these mechanisms act together, which could explain the low level of plasma chemotactic factors (C3a?, C5a?, leukotriene B 4 ?, interleukin-8?, macrophage inflammatory protein-1?, monocyte chemotactic protein-1?) detected in TGM groups from these experiments.
In our experiments, murine and fish leukocytes avidly migrate towards plasma from both mice and fish with peritoneal inflammation (Fig. 4) . This indicates that plasma of both phylogenetically distant species contains some evolutionary conservative chemotactic factors, either identical or similar enough to attract leukocytes from the hemopoietic tissues of both ectothermic and endothermic vertebrates.
The decreased number of the peritoneal cells retrieved on day 2 of TGM-induced inflammatory processes seems to be compensated by the increased cell activity measured by the PMA-induced respiratory burst (Fig. 5) . Another example of a compensatory mechanism concerning the peritoneal macrophages is a very efficient endocytic activity of these cells from fish and amphibians kept at low temperatures [50] , which probably compensates the cold-inhibited lymphocyte-mediated immunity [51, 52] . Due to the great plasticity of macrophages the animals can cope successfully with challenges even under unfavorable conditions like low temperature or morphineinduced inhibition of some parameters of inflammation.
As reviewed recently by Hertz [28] , the local action of opioids (alkaloids as well as peptides) at the site of inflammation is responsible for pain modulation. A series of experiments performed on the experimental paw inflammation in rats clearly demonstrated that the immune cells of the inflamed tissue both synthesize opioid peptides and bear opioid receptors. Locally produced opioids can induce the local antinociceptive (analgesic) effects due to binding to the activated opioid receptors located at the terminal regions of fine afferent nerve fibers [26, 54] . Maybe, in our experimental system, morphine injected intraperitoneally together with an irritant binds to the activated opioid receptors and efficiently performs the antinociceptive functions instead of opioids released by inflammatory immune cells. For this reason the lower number of immune cells can be accumulated at the site of inflammation. The inhibitory effect of locally administered morphine on inflammatory process occurs both in mice and fish. This indicates its evolutionary conservatism and implies its basic biological significance.
